In the paper transient nucleate boiling process is widely discussed. It's unknown previously and investigated by author characteristics create a basis for designing of new technologies which allow receiving super strengthened materials. Obtained results are also used for appropriate software development to be widely applied for control of technological processes and cooling recipes design. A possibility of transition from real heat transfer coefficients (HTCs) to effective HTCs is discussed in the paper too. It is shown that core temperature of steel parts at the end of transient nucleate boiling (self-regulated thermal process (SRTP)) is a linear function of a part dimension when convective heat transfer coefficient during quenching in liquid media is fixed. Also, it is shown that effective Kondrtajev number Kn is a function of part size and convection intensity and is almost linear function for large sizes of steel parts. Surface temperature at the beginning of self-regulated thermal process and at its end is calculated depending on size and intensity of cooling. Based on obtained new results, it is possible to design DATABASE for liquid quenchants using standard Inconel 600 probe combined with the Liscic/Petrofer probe. Obtained results can be useful for engineers and software designers.
Introduction
Nobody knows how to use standard testing data to predict real quenching processes in heat treating industry and develop correctly cooling recipes for steel parts during hardening. It is explained by complicated problem which includes shock boiling, local and developed film boiling, transient nucleate boiling process and convection. Local and full film boiling processes generate four types of heat transfer modes [1, 2] which require choosing specific boundary condition to make correctly calculations. It is shown in last decades that any film boiling during quenching is not desirable and it must be eliminated by use:
− optimal concentration of water salt solutions maximizing the first critical heat flux densities; − hydrodynamics emitters to provide resonance effect which destroys film boiling processes; − special additives which create insulating surface layer at the surface of steel parts decreasing initial heat flux density; − vigorous agitation of liquid quenchant to provide direct convection and other possibilities. Based on experimental data of French (French, 1930) and analytical solutions of hyperbolic heat conductivity equation, one can come to conclusion that film boiling can be absent completely when quenching steel parts in agitated cold liquid media [3] .
Let's note that intensive quenching without any film boiling eliminates quench crack formation and decreases distortion [2] . That is why in current paper, it is assumed that film boiling during quenching in liquid media is absent and only transient nucleate boiling and convection take place. Mathematical model for such process is considered below.
Mathematical model for quench process design
If film boiling is absent and transient nucleate boiling takes place, the mathematical model for cooling process is written as [2, 4] :
After the transient boiling process is finished, convection starts and the third kind of boundary condition (3) is used instead of boundary condition (2):
A transition from nucleate boiling to convection is determined by equalizing the heat fluxes, Eq. (4), i. e. 
Also, initial austenitizing temperature should be added, Eq. (5):
Taken into account these facts, authors [2, 5] received an analytical solution of heat conductivity equation (1) with the boundary condition (2), (3) and initial condition (4) which allows calculating duration of transient nucleate boiling process, Eq. (6):
where ( )
T is temperature, T o is initial temperature, T m is bath temperature, T s is saturation temperature, T 1 is start boiling temperature. T 2 is finish boiling temperature, τ is time in sec, nb τ is duration of transient nucleate boiling process in sec, R is radius in m, .D is diameter or thickness of plate, a is thermal diffusivity in 2 m / s, λ is thermal conductivity of material in W / m K, conv α is convective heat transfer coefficient in 2 W / m K, 3 .41 β = , m 10 / 3 = , K is Kondratjev form factor in m 2 , c is specific heat capacity, ρ is density, nb q is heat flux density at the end of transient nucleate boiling process, conv q is heat flux density at the beginning of convection, k 1, 2, 3 = for plate, cylinder and sphere correspondently, Kn is dimensionless Kondratjev number, Fo is dimensionless Fourier number.
The self-regulated thermal process
The self-regulated thermal process is transient nucleate boiling taking place during quenching [6] . During the self-regulated thermal process the surface temperature of steel parts maintains at the level of boiling point of liquid and never can be below it until boiling heat transfer coefficient is larger than convection heat transfer coefficient [6] . There are two specific surface temperatures of self-regulated thermal process (SRTP): 1 T and 2 T .Within the short time interval between temperatures T o and T 1 (Fig. 1) the formation of boiling boundary layer is formed. Cold liquid is heated to boiling point and surface temperature of steel parts drops immediately to temperature 1 T . At the temperature T 1 developed transient nucleate boiling process starts which continue until temperature T 2 is reached. Duration of transient nucleate boiling process or SRTP was investigated by author [5, 6] . SRTP was used to perform austempering in cold liquids [7] that extends sizes of steel parts suitable for austempering and increases cooling rate during performing new technology.
SRP can be used also for low temperature thermo-mechanical treatment of steels to receive super strengthened materials.
Fig. 1.
A scheme showing the main characteristics of self-regulated thermal process: T S is saturation temperature; T 1 is start temperature of transient nucleate boiling process; T 2 is temperature where convection starts and nucleate boiling switches to convection
Since during self-regulated thermal process surface temperature of steel parts changes insignificantly, the first type of boundary condition can be used for calculating core temperature at the end of transient nucleate boiling process. In this case the surface temperature during nucleate boiling process is considered as ( ) Fig. 1) . The values of T 1 and T 2 temperatures are presented in Table 1 , 2. The data presented in Table 1 , 2 were used for simplified calculations discussed below.
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Simplified method for main characteristics of transient nucleate boiling evaluation
Duration of transient nucleate boiling process is evaluated from Eq. (6) and average surface temperature from Table 1, 2. Analytical solutions for temperature fields evaluation in plate, cylinder and sphere at first type of boundary condition was provided by author [4, 8] (Eq. (7)- (9)).
Solution for plate is
here ( ) n 2n 1 2
Solution for cylinder is:
Solution for sphere is:
Mentioned above solutions were used for core temperature evaluation at the end of transient nucleate boiling process. For this purpose the dimensionless temperature in Eq. (7)−(9) was considered as
The duration of transient nucleate boiling process for any form of steel part was calculated from generalized Eq. (6). That was enough information to get accurate data on core temperature at the end of transient nucleate boiling process ( Table 3) .
Using core temperature at the end of transient nucleate boiling process ( Table 3 ) and generalized Eq. (10), it is possible to calculate effective Kondratjev number Kn [8] needed for evaluation any core temperature during all process of cooling. 
Reports on research projects (2017), «EUREKA: Physics and Engineering» Number 5 In Eq. (11) core T is taken from Table 3 . Index k depends on form of steel part and can be evaluated from the Table 4. Table 4 Coefficient k depends on form of steel part and is evaluated knowing ratio of dimensions
Thus, simplified method of calculation investigates transient nucleate boiling process in detail which takes place during quenching in liquid media.
Research results
The transient nucleate boiling process was investigated widely and deeply by authors [3, 5−7] . In current investigation, it has been established a linear function of core temperature at the end of transient nucleate boiling process versus size of plate, cylinder and sphere. It appeared that form of sample doesn't affect core temperature (Fig. 2) .
Moreover, the established function, at fixed convective HTC equal 4000 W/m 2 K, can be written as: 
Difference between two methods of calculation is 17.77 15.64 100 % 0.8 % 15.77
It means that our calculations are very accurate and realistic. Both core temperature at the end of transient nucleate boiling process and effective Kondratjev number Kn depend significantly on heat transfer coefficient during convection (Fig. 4, 5 and Table 3, 5) . It means that special attention should be paid to convective HTCs during recipes development and software designing.
Discussion
The steady-state boiling processes were investigated by many authors [9] [10] [11] . Transient nucleate boiling processes are not enough investigated yet. In heat treating industry, including big companies like DOW, are widely used only cooling curves and cooling rate data obtained by testing Inconel 600 probe [12] [13] [14] [15] . These data can be used only for comparison reason to see how much new liquid quenchant differs from already existing, for example oil, and keep in shops cooling intensity of coolants at the same level. Unfortunately, it is impossible to use cooling curves and cooling rates for computer simulation and developing cooling recipes of real steel parts. As a result, customizers face some problems connected with distortion issues because in many cases cooling should be interrupted at proper time to prevent non-uniformity of cooling during quenching as shown Fig. 6 [16, 17] . A methodology is developed for testing liquid media as a quenchant and results of testing can be successfully used for recipes development. Methodology of calculation can be combined with recording of boiling signals during quenching that provides high quality of controlling the technological processes. Investigations on recording boiling signal during quenching are widely discussed in Refs [18, [19] [20] [21] . Also, author of the paper suggests using Inconel 600 probe combined with the Liscic/ Petrofer probe to develop DATABASE for liquid quenchant to be used for computer simulation and recipes development.
Conclusions
1. The main characteristics of self-regulated thermal process are: -duration of SRTP; -core temperature at the end of transient nucleate boiling process; -start surface self-regulation temperature and surface finish temperature of steel parts used for creation the first type of boundary condition; -average surface temperature during SRTP; -Effective Kondratjev number Kn within the transient nucleate boiling process. 2. Core temperature of steel parts at the end of transient nucleate boiling process is a linear function the size of product and doesn't depend on its form.
3. Effective Kondratjev number Kn changes insignificantly with the change of size of steel part and is a linear function of size for large dimensions. This allows using Inconel 600 probe combined with the Liscic/Petrofer probe for DATABASE designing to be widely applied to heat treating industry needs and software development.
4. Probability of quench cracks formation can be completely eliminated and distortion can be minimized if obtained characteristics of self-regulated thermal process are correctly used for recipes development.
